Quantitative knowledge of the acoustic response of rock from an injection site on supercritical CO 2 (scCO 2 ) saturation is crucial for understanding the feasibility of time-lapse seismic monitoring of CO 2 plume migration. A suite of shaley sandstones from the injection interval of the CRC-2 well, Otway Basin, Australia is tested to reveal the effects of supercritical CO 2 injection on acoustic responses. CO 2 is first injected into dry samples, flushed out with brine and then injected again into brine-saturated samples. Such a suite of experiments allows us to obtain acoustic velocities of the samples for a wide range of CO 2 /brine saturations from 0% to 100%. On injection of scCO 2 into brine-saturated samples, the rocks exhibit a decrease of compressional velocities by about 7% with the increase of CO 2 saturation from 0% to a maximum of about 50%. Anisotropy of the shaley sandstones from the Otway Basin must be taken into account as the difference in the velocities normal and parallel to bedding is comparable with the perturbation due to CO 2 injection and the samples of different orientations exhibit transition from Gassmann-Hill to Gassmann-Wood bound at different scCO 2 saturations. Changes of the dry samples before and after the CO 2 injection (if any) are not traceable by acoustic methods.
INTRODUCTION
Carbon capture and storage (CCS) in geologic formations can be considered as one of the mitigation strategies against the negative effects of atmospheric greenhouse gases, in particular carbon dioxide (Schrag, 2007) . Injection and storage of CO 2 in geologic formations requires comprehensive monitoring to ensure long term containment. Central to most CO 2 monitoring studies is the application of time-lapse or 4D seismic methodology. The application of this technology relies on the differences in elastic properties produced by fluid replacement or fluid redistribution in the reservoir. It is thus essential to know the effect of injected CO 2 on the rock properties. This can be done using ultrasonic measurements on rock samples in the laboratory.
The CO2CRC Otway Project in the Otway basin in Victoria, southeastern Australia, is demonstrating the feasibility of geologic storage of CO 2 in depleted fields and deep saline formations. Stage one of the CO2CRC Otway Project commenced in 2008 and has shown that CO 2 can be safely transported, injected, and stored in a depleted gas field using a variety of monitoring techniques to verify containment (Underschultz et al., 2011; Jenkins et al., 2012) . The second stage of the CO2CRC Otway Project comprises a field-scale residual saturation and dissolution test followed by the injection of a small volume (10,000-30,000 tons) of CO 2 -rich gas into a saline aquifer .
Laboratory measurements on core samples from the Otway Project site provide petrophysical and geomechanical properties of the reservoir and can be used for the calibration of seismic data. As CO 2 is implied to be in a supercritical state in a saline aquifer at ∼1500 m depth, all these laboratory measurements have to be performed with CO 2 at pressures and temperatures above the critical point (31.1°C and 7.3 MPa) . Quantitative understanding of the acoustic response of sandstones from the injection site on complete or partial saturation with supercritical CO 2 (scCO 2 ) is important for time-lapse seismic imaging of CO 2 plume migration. As the injection of scCO 2 can potentially cause some alteration or damage to the constituent rocks, acoustic responses before and after the CO 2 injection have to be tested on the core samples. Wang and Nur (1989) pioneered laboratory experiments on CO 2 injection. They inject CO 2 into hexadecane-saturated sandstones and measure their elastic responses. Yam and Schmitt (2011) investigate the seismic effects associated with the different phase states of CO 2 by measuring the ultrasonic response of Berea sandstone fully saturated with CO 2 at different temperatures and pressures. Xue and Ohsumi (2004) study the effects of CO 2 injection on the P-wave velocity and deformation of water-saturated Tako sandstone. Shi et al. (2007) use acoustic P-wave tomography for the monitoring and quantification of scCO 2 saturation during injection into brine-saturated Tako sandstone. Lei and Xue (2009) inject gaseous CO 2 and scCO 2 into water-saturated Tako sandstone under controlled pressure and temperature conditions and monitor the dependency of P-wave velocity and attenuation on saturation. Shi et al. (2011) conduct a comprehensive study of scCO 2 injection into brine-saturated Tako sandstone using computer tomography (CT) methods. Alemu et al. (2013) perform experiments on change of resistivity and acoustics velocity of brine-saturated outcrop Rothbach sandstone during imbibition and drainage of liquid CO 2 . Fluid distribution in these experiments was monitored using CT methods. The long-term effect of brine/scCO 2 on the mechanical properties of sandstones is studied by Zemke et al. (2010) . Nakagawa et al. (2013) implement a resonance bar technique for measurement of acoustic response of sandstones core during CO 2 flooding at seismic frequencies. Adam and Otheim (2013) experimentally measure bulk and shear moduli dispersion of basalts saturated with water and liquid CO 2 at seismic frequencies. Njiekak et al. (2013) report results of comprehensive study of scCO 2 saturated samples from Weyburn-Midale geologic project. Siggins et al. (2010) performs the first measurements on reservoir samples from the CRC-1 well in the Otway Basin, Australia. The acoustic responses were measured for brine and gaseous and liquid CO 2 saturated samples.
In this work, we investigate effects of scCO 2 on the acoustic properties of five rock samples extracted from injection interval of the CRC-2 well. This study is designed to answer three main questions: (1) What are the elastic properties of the host sandstone and can Gassmann's fluid substitution standard techniques be applied to calculate the elastic properties of saturated sandstone using standard laboratory measurements on the dry sample? (2) How will CO 2 injection change acoustic velocities? And (3) will it cause any damage in the host rock?
EXPERIMENT

Experimental equipment
The experimental rig used in this study is shown in Figure 1 . The rock physics tests were conducted using a triaxial (Hoek) highpressure cell, which allows axial loading of up to 150 MPa, with a confining stress of 70 MPa and pore pressure of 20 MPa; the temperature range can be varied from ambient conditions to up to 80°C. Confining (P conf ) and axial (P ax ) pressures are applied to a jacketed sample and are controlled using hydraulic hand pumps (P142, Enerpac). The core flooding equipment (Figure 2 ) comprises of a CO 2 cylinder, a CO 2 syringe pump, a high-pressure cell, an ultrasonic system, and a pump for brine injection. To flood a sample with brine, a pump (LC-20AT, Shimazu, Ltd.) is used. Carbon dioxide in vapor or supercritical phases (scCO 2 ) is injected using a syringe pump (260D, Teledyne-Isco, Inc.). The scCO 2 is then transported via heated pipes into the high pressure cell. To maintain pore pressure inside the sample during testing, a relief valve is installed in the outlet of the pressure cell. Syringe pump, tubes, and high-pressure cell are heated and maintained at a temperature of 45 AE 0.3°C. In this work, equal confining and axial pressures are applied to samples. Volume flow rates and pressure of scCO 2 injected into the sample are monitored. The volume of brine collected from the sample during scCO 2 injection is used to estimate average saturation of CO 2 in the brine saturated sample.
Shear wave velocities are often tricky to record and/or recognize in traditional experimental setups where transducers are placed as close to the sample as possible (Figure 3a) . It may be difficult to register S-wave arrivals even if S-transducers are used as an emitter and receiver because S-wave polarity can be arbitrary. Very often, S-wave arrival is also contaminated by prior oscillation arrivals. Sources of such parasite signals can be different, for instance, (1) compressional waves generated by S-transducers along with shear ones; (2) P-waves converted from S-waves reflected from various boundaries and interfaces within the setup; (3) reverberations in the 0.2-0.5 MHz frequency range (close to central frequencies of source pulses of 0.5 MHz) generated in steel platens, which separate the sample from transducers. To overcome the problems listed above, we designed and implemented a novel setup in which S-wave transducers are separated from the sample by 80-mm-long plastic cylinders made from high-strength Polyether ether ketone (PEEK) material (Figure 3b ). This configuration will help reduce wave reverberations inside platens due to the proximity of acoustic impedances of PEEK in the rock sample and due to the length of platens. Ultrasonic compressional and shear velocities along the symmetry axis of cylindrical samples are measured using the "time of flight" method with a nominal pulse central frequency of 0.5 MHz for P-and S-waves. For generation and recording of the ultrasonic pulses, a Pulser and Receiver unit (5077PR, Olympus, Ltd.) and digital oscilloscope (TDS3034C, Tektronix, Ltd.) are used.
A typical waveform recorded using this setup with S-transducers used for signal generation and registration is shown in Figure 4 . The arrival of S-waves are clearly observable (axes of polarizations of both S-wave transducers are oriented in the same direction). Moreover, this waveform illustrates that it is also possible to record P-waves on the same digital registration channel using one pair of S-wave transducers as they emit not only S-waves but P-waves as well. Indeed, during shear displacement of the surface of the transducer, the compression occurs in the adjacent material and generates P-wave. Figure 4 shows that P-and S-wave arrivals are wellseparated in time. To streamline and speed up the measurements, in this study, we employ S-wave transducers (V153-RM, Olympus, Ltd.) to generate and receive P-and S-waves. It has been proven that velocities of P-waves generated and measured using S-wave transducers in our experimental set up are exactly the same as measured by using P-wave transducers only (V103-RB, Olympus, Ltd.). As elastic properties of PEEK are pressure and temperature dependent, calibration of the ultrasonic system is performed over the whole range of pressures and temperatures using standard (aluminum and stainless steel) samples with the same lengths and diameters as the rock samples. An example of pressure dependency of travel times in two PEEK cylinders with total length of 175 mm at the temperature of 45°C is the following: tp ¼ 68.96 − 0.0363P; D294 Lebedev et al. ts ¼ 155.4 − 0.0136P, where tp and ts (in μs) are traveltimes of P-and S-waves, respectively, and P is confining pressure in MPa. We should emphasize that the calibration should be performed for each rock sample individually with a standard sample of exactly the same length, as PEEK cylinders are partially immersed into Hoek cell and thus are subjected to nonuniform stresses.
Estimated experimental errors in determination of P-and S-wave velocities are 1% and 1.5%, respectively. The main contribution to these errors is ambiguity in picking up wave arrival times by the naked eye. The experimental uncertainty in pressure measurements is less than 0.25 MPa.
Sample description
Measurements were taken from a total of six sandstone core plug samples from the CRC-2 well ( Figure 5 ). These core samples were extracted from the proposed injection interval (from 1442 to 1526 m) in the Paaratte formation, the Otway Basin. The formation itself comprises a thick sequence of deltaic and shallow marine sediments which contains a succession of interbedded fineto-coarse-grained quartz sandstones (potential reservoirs) and carbonaceous mudstones (baffles or seals). Five samples representing different facies were taken from the center of the potential reservoir to investigate the effects of geologic heterogeneity. One sample (1442.1H) is cut parallel to the bedding plane; the other samples are cut normal to the bedding plane. All sample have diameter of 38.48 mm (1.5 inch) and lengths varied from 45 to 75 mm. The helium porosities and permeabilities of the samples were measured by an Automated Porosimeter and Permeameter (AP-608, Coretest Co.) and are shown in Table 1 along with other petrophysical properties. The porosities vary from 14% to 25% and the permeabilities widely scatter from 0.2 to 10,000 mD (2 · 10 −16 m 2 to 10 −11 m 2 ). Samples 1442.1 (vertical and horizontal) consist of a homogeneous sandstone with only a few laminations parallel to the bedding plane. This highly porous and permeable sandstone contains well-sorted, fine-to-medium, rounded grains of predominately quartz, minor feldspar, and mica matrix with kaolinite and chlorite clay as weak cement. Sample 1500.83 is also fine-grained and wellsorted quartz sandstone, but with the occasional mottled structure from bioturbation (sand-filled burrows) and small quartz pebbles. It exhibits some gradational bedding and fine cross-bedded lamination. Sample 1509.6 contains a distinct wavy carbonaceous lamination within a medium-to-very-coarse-grained cross stratified sandstone. Mica-rich clays and coaly flakes are common within the quartz, feldspar, and sandstone matrix. Sample 1513.82 is of a cemented sandstone. The original fabric is a very-fine-to-finegrained clean quartz sandstone, but dolomite pervades throughout the pore-space coating grains and reducing the porosity. Sample Figure 1 . Rock physics testing equipment: (1) CO 2 cylinder, (2) brine injection pump, (3) syringe pump, (4) heated pipes, (5) pressure cell, and (6) ultrasonic acquisition system. 1526.9 is from the Skull Creek Mudstone below the reservoir. It is poorly laminated to apparently structureless and contains abundant cm-scale, rounded to subrounded pyrite nodules and intense bioturbation.
Experimental procedure
To assess internal damage (if any) and bedding plane orientation, all samples have been scanned using a medical CT (computed tomography) scanner with resolution of 0.2 × 0.2 × 1 mm. The flowchart of the experimental procedure is shown in Figure 6 . Key steps of the experimental procedure are listed below: 1) Ultrasonic compressional P-and shear S-wave velocities of a vacuum-dry (at 133 Pa for 1 h) sample are measured at room temperature at confining stresses of up to 60 MPa in steps of 4 MPa. 2) The experimental system is heated up to 45°C
and the ultrasonic measurements of P-and Swave velocities on the dry sample are repeated. 3) a) A confining pressure of 12 MPa is applied to the sample and it is flooded with brine at an injection pressure of 6 and 9 MPa. Saturation is performed using pressurized brine and the volume of brine flooded through a particular sample exceeds the sample's pore space by a magnitude of 10. The ultrasonic velocities are measured again on the fully saturated sample at confining pressures from 10 to 60 MPa in steps of 4 MPa. The salinity of brine used is 1500 ppm of 50% NaCl and 50% KCl, which is typical for this reservoir. After this step, samples are vacuumed inside the experimental rig to remove the brine. b) During the third step, two samples (1442.1H, 1500.83) are flooded with gaseous CO 2 at 6 MPa instead of the brine. The ultrasonic velocities are then measured at the same conditions as for the samples saturated with brine.
4) CO 2 is continuously injected into the sample until pore pressure reaches a point of 9.3 MPa at which CO 2 is a supercritical fluid. The ultrasonic velocities are then measured again at confining pressures from 15 to 60 MPa in steps of 4 MPa. 5) CO 2 is released from the sample by reducing pore pressure to 0 MPa but keeping the confining pressure at a constant level of 12 MPa. After vacuuming to remove remaining CO 2 H and V mean that the sample is cut parallel or normal to bedding, respectively. Permeability of samples 1442.1H and 1442.1V is estimated from log data.
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the sample is flooded with the brine at an injection pressure of 9 MPa. The salinity of the brine is the same as used for the first three samples. The ultrasonic velocities are then measured again at confining pressures from 15 to 60 MPa in steps of 4 MPa. 6) The confining pressure is fixed at 30 MPa and scCO 2 (temperature 45°C, pressure 9.3 MPa, density 365 kg∕m 3 ) is injected into the brine-saturated sample with an injection rate of 1 mL∕ min. During scCO 2 flooding, changes of elastic properties are monitored using ultrasonic velocity measurements. Average saturation of scCO 2 inside the sample is estimated by measuring the amount of brine volume displaced (and collected) from the sample divided by samples' pore volume. This approach implies that the fluid density and solubility of scCO 2 remain constant. This assumption is reasonable because the fluid temperature and pressure are kept constant and the solubility of CO 2 in brine for the conditions of our experiment does not exceed 1 mole of CO 2 per kg of brine (Duan and Sun, 2003) or 1.6% by volume. 7) Brine, with the same concentration of salts, is flooded into the sample at an injection rate of 1 mL∕ min and the ultrasonic velocities are measured during the process of the CO 2 replacement. The brine injection continues until no further changes in registered waveforms are observed.
EFFECTS OF BRINE AND CO 2 SATURATION ON ACOUSTIC PROPERTIES OF THE SANDSTONES FROM CRC-2 WELL
Dry and brine fully saturated samples Figure 7 shows ultrasonic P-and S-wave velocities measured on the dry and brinesaturated samples at different confining and pore pressures. The results are presented against the effective pressure,
where P c and P p are the confining pressure and pore pressure and α is the effective stress coefficient, which is assumed to be equal to one. Velocities measured on dry sandstones at stresses of 10-20 MPa increase with the confining stress and approach a linear trend at higher stresses. Such stress dependencies are typical for sandstones and can be empirically described by a combination of exponential and linear trends (Eberhart-Phillips, 1989 ). Such trends have been explained theoretically with the dual-porosity model developed by Shapiro (2003) and verified in other works (e.g., Becker et al., 2007; Pervukhina et al., 2010) . Compressional-and shear-wave velocities measured on saturated samples at different pore pressures are shown for samples 1500.83, 1509.6, and 1513.82 in Figure 7c -7f. Being plotted as a function of effective pressure (equation 1) assuming the effective pressure coefficient α ¼ 1, the velocities measured under different pore pressures are almost equal. This fact validates the choice of α ¼ 1. In Figure 7c -7f the results are shown for pore pressures of 1.5 and 5 MPa, 5 and 9 MPa, and 10 and 15 MPa for samples 1509.6, 1500.83, and 1513.82, respectively. For all three samples, P-and S-waves are within the experimental errors, and in some cases, are difficult to distinguish in the plots at different pore pressures (especially for V P ). Results of measurements are presented in Table 2 .
In addition to the experimental results, Figure 7 shows saturated V P at V S computed from dry velocities using Gassmann's (1951) relation. To this end, we first calculate bulk modulus of saturated rock K sat as follows:
Here, ϕ is porosity and K 0 , K fl and K dry are bulk moduli of grains, fluid, and dry sandstone, respectively. We choose K 0 to be equal to 37 GPa, the bulk modulus of quartz. The fluid bulk moduli, K fl , that are used for the fluid substitution are shown in Table 3 . To obtain bulk moduli of the brine at different pressures and temperatures, densities are calculated using empirical relationships proposed by Batzle and Wang (1992) and ultrasonic velocities are measured in our laboratory. The bulk modulus of dry sandstones is calculated Figure 6 . Flowchart of experimental procedure. Key steps of the experimental protocol described in the section Experimental procedure are numbered from 1 to 6. 
Shear modulus of saturated sample (μ sat ) remains the same as for dry one (μ dry ) and calculated as
Compressional and shear velocities of saturated sandstones then can be obtained as
and
where ρ fl is density of saturating fluid. Gassmann's predictions are in a reasonably good agreement with the measurements for four of the five samples, namely, for the samples extracted from the depth of 1500.83, 1509.6, 1513.82, and 1526.9 m (Figure 7c-7f ). For the samples 1442.1H, 1442.1V, and 1500.83 with high porosity and permeability, the frequency of ultrasonic pulse is higher than Biot's critical frequency.
However, Biot high-frequency limiting fast P-wave velocity (Johnson and Plona, 1982) calculated for these samples with tortuosity parameter equal to three exceed Gassmann's predictions by less than 0.2%. As this value is much smaller than the experimental error, the difference in the predictions of these two theories, in our case, can be neglected.
Velocity anisotropy in sample 1442.1
In the case of sample 1442.1H, Gassmann's equation strongly overestimates the compressional velocity measured on the saturated sample for the whole range of effective pressures. This discrepancy can result from (1) damage due to the injection of scCO 2 into a dry sample that could break the skeleton by overdrying and fracturing weak kaolinite and chlorite clay cement; (2) the presence of a clay cement; or (3) an anisotropy of the sample caused by lamination and/or a digenesis process under anisotropic stress conditions. The damage of the sandstone skeleton would be reflected in a decrease of compressional and shear modulus of the sample. However, the decrease in the shear velocity is small, consistent with the density increase (Figure 7a ) caused by water saturation, and does not exhibit any signs of shear modulus decrease. Thus, the discrepancy between measured and predicted moduli cannot be explained with the damage of the rock matrix. Nevertheless, the damage of the rock matrix is the most undesirable effect of scCO 2 injection and below we will discuss this topic in more detail. Deviations of saturated moduli of shaley sandstones from Gassmann's predictions are reported by many authors (e.g., Han et al., 1986; Katahara, 2004; Skelt, 2004; Ivanova et al., 2012) . Moreover, if clay or siltstone forms layers, Gassmann fluid substitution strongly overestimates the measured results (Skelt, 2004) . In addition, anisotropic Gassmann's relations have to be used if the sandstone is intrinsically anisotropic due to compaction or cementation at anisotropic stress conditions. To estimate the elastic anisotropy of the reservoir sandstone, a new vertical specimen (1442.1V) is cut normal to the bedding from the same core excavated from the depth of 1442 m. The ultrasonic velocities at the dry and saturated state are measured up to effective stresses of 26 MPa and 22 MPa, respectively. The results of the measurements are shown in Figure 8 in comparison with the velocities measured on the horizontal plug. The P-wave velocity in the vertical sample (cut normal to the bedding plane) is about 10% higher than in the horizontal sample.
This sample demonstrates a peculiar kind of anisotropy such that the vertical P-wave velocity exceeds the horizontal one. Several examples of measurements that report such anisotropy have been given by Thomsen (1986) . Such anisotropy may be induced by anisotropic stress when the vertical stress is much larger than the maximum horizontal stress (Sayers, 2009; Gurevich et al., 2011) . This effect may be particularly pronounced in regions with the predominantly tensional stress regime. Such tectonic regime has been reported for the Otway Basin (Hillis et al., 1995; John, 2001 ). Although our measurements are performed at hydrostatic stress conditions, rocks can often retain the effects of in situ stress due to memory effects.
We performed anisotropic Gassmann's substitution by combining the results of the ultrasonic measurements on these two samples. The details of the procedure of anisotropic Gassmann's fluid substitution can be found in Appendix A. To this end, we assumed that the sandstone is transversely isotropic with a vertical symmetry axis (so-called VTI medium). An arbitrary VTI medium is characterized by five independent elastic constants and its characterization requires measurements of compressional and shear velocities along vertical and horizontal directions and at least one measurement along some other direction. A slow shear velocity with polarization in horizontal plane is not measured on horizontal sample and is estimated from the fast shear velocity assuming S-wave anisotropy of 5%. See Appendix A for further details.
The obtained results of the anisotropic Gassmann's fluid substitution are shown in Figure 8 by lines; isotropic Gassmann's results obtained for the horizontal sample are also shown for comparison. The anisotropic Gassmann fluid substitution gives results that are in a better agreement with the experimentally measured moduli but cannot explain all the discrepancies. This may be explained by the fact that the relations imply anisotropic but homogeneous media, which is not the case for the microlaminated 1442.1H sample. Unfortunately, we do not have all the necessary information, such as thicknesses and elastic moduli of individual layers, for more accurate prediction of elastic moduli of the saturated sandstone.
Comparison with acoustic log data Figure 9 shows the results of the laboratory measurements in comparison with the log data. Taking into account the difference in scale and frequency, the velocities obtained for all the vertical samples are in reasonably good agreement log data. At the same time, the laboratory measurements for the horizontally cut sample 1442.1H (shown in the insert) are about 10% lower than obtained from well log data, while the difference is negligible for the vertically cut sample (1442.1V). This fact shows that the anisotropy cannot be neglected in this field as the velocity perturbations it causes are of the same order of magnitude as the velocity reduction resulting from CO 2 injection as shown below.
Effects of CO 2 injection into dry rock
Ultrasonic velocities measured on samples 1442.1H and 1500.83 (at step 3 of the experimental workflow) saturated with supercritical CO 2 at pore pressure of 9 MPa are shown in Figure 10 in comparison with Gassmann's predictions for CO 2 properties. Compressional and shear velocities of CO 2 -saturated samples are calculated using equations 2-6. The scCO 2 densities are obtained from the NIST database (Lemmon et al., 2011) . The bulk modulus of scCO 2 is calculated using density and sound velocity (Lemmon et al., 2011) . For both samples, the experimental and predicted results are in a good agreement, that is, the discrepancies between experimental results and Gassmann's fluid substitution are within experimental errors.
CO 2 injection into brine-saturated sample
The effect of multiphase saturation on acoustic velocities in rock is particularly important for CO 2 plume detection and monitoring. An appreciable decrease in compressional velocity of more than 10% has been reported by previous studies (e.g., Shi et al., 2007; Ivanova et al., 2012) . This decrease results from the fact that scCO 2 has higher compressibility than water and it can be gradual or abrupt. In the case of the gradual transition, the velocity decreases almost linearly with the CO 2 saturation increase between the two end members. In the case of the rapid transition, the velocity changes from the one of water-saturated rocks to the velocities of CO 2 saturated rocks while the CO 2 saturation changes by a few percent. This rapid drop if velocities is caused by the transition of scCO 2 from the patchy distribution at which pore pressure has no time to equilibrate within the liquid phase to a more homogeneous distribution at which differences in wave-induced pore pressure have time to flow and equilibrate among the various phases. These patchy and effectively homogeneous states can be described with the Gassmann-Hill and Gassmann-Wood theoretical models, respectively (e.g., Müller et al., 2008; Lebedev et al., 2009; Ling et al., 2009; Müller et al., 2010; Caspari et al., 2011 Comparison of P-and S-wave log velocities with laboratory-measured velocities on brine-saturated samples at reservoir conditions and the ones calculated using Gassman fluid substitution model from laboratory measurements on the dry samples. The result of Gassmann's fluid substitution using the laboratory measurements on dry sample 1442.1H cut parallel to the bedding is shown in the insert. at which this transition takes place is important information for the feasibility of CO 2 seismic monitoring.
To explore the effect of mixed CO 2 brine saturation, we inject CO 2 into brine-saturated samples 1442.1H and 1500.83 at a confining stress of 30 MPa and pore pressure of 9.3 MPa. Ultrasonic velocities are monitored during the injection of scCO 2 and are shown in Figure 11 . For both samples, 1442.1H and 1500.83, scCO 2 saturation up to ∼50% is reached (see Figure 11 for details) ; the velocities at 100% of scCO 2 saturation are taken from the previous experiment on the injection of scCO 2 into the dry sample. For sample 1442.1H, the compressional velocity remains constant up to the scCO 2 concentration of about 20% and then abruptly drops. With the further increase of scCO 2 saturation from 30% to 100%, the velocity does not change (within the accuracy of experimental measurements). In the case of sample 1500.83, the compressional velocity follows Gassmann-Hill's model up to ∼40% of CO 2 saturation and decreases almost linearly with the increase of scCO 2 saturation. The overall drops in compressional velocities when the scCO 2 saturation increases from 0% to 50% is ∼7% for both samples and with the further increase of the scCO 2 saturation, V P drops 0% and 3% for samples 1442.1H and 1500.83, respectively.
The changes in ultrasonic velocities due to the scCO 2 saturation are noticeably different for these two samples. It is worth noting that the orientation of the samples is different, namely, sample 1442.1H is cut parallel to the bedding plane while sample 1500.83 is cut perpendicular to it. Here, we employ a simple model to explain this difference (see Figure 11c and 11d for the details). In the case of sample 1442.1H, the injected CO 2 first substitutes water in more permeable layers forming large patches parallel to the bedding plane and, only after that, penetrates into lower permeability shaley or silty layers. Thus, the transition between patchy saturation to effectively homogeneous saturation is rapid for the sample cut parallel to the bedding as it happens along the whole sample simultaneously. In contrast, in sample 1500.83, scCO 2 substitutes water by compartments separated with less permeable lamina; it has to penetrate less permeable layers to reach the next permeable one. The CO 2 in this sample exhibits patches until it reaches the face that is opposite to the injection face and starts escaping from the sample; in other words, until the process reaches the steady-state point at which CO 2 saturation cannot be increased further. The transition between the patchy model and effectively homogeneous model is gradual and, in this experiment, the compressional velocity does not reach the velocity predicted for the effectively homogeneous fluid distribution. The predictions of this simple model for the transition character and its critical point might be useful for indication of "sweet spots" for CO 2 injection.
Effect of scCO 2 on the host rock matrix
Integrity of the host rock matrix after the scCO 2 injection is one of the most important practical issues of the CO 2 sequestration. We measured acoustic waveforms and velocities before, during, and after the scCO 2 injection to monitor potential changes (Figure 12 ). Figure 12a shows waveforms recorded by P-wave transducers before and during scCO 2 injection into the brine saturated sample and during brine flooding into scCO 2 /brine saturated sample 1442.1H. Waveform 1 is registered before the injection and waveform 9 is recorded after flushing the CO 2 out with brine for 30 minutes. Injection of scCO 2 into sandstones D303 injection are shown in Figure 12b . The observed changes are small and within the experimental errors. These observations show that CO 2 injection in these samples has caused no damage or alteration to the sample or, at least, these alterations are not detectable by acoustic methods.
CONCLUSIONS
Supercritical CO 2 injection experiments are carried out a suite of shaley sandstone specimens from the CRC-2 well, Otway basin. The experiments confirm applicability of the Gassmann's fluid substitution method to brine (for four out of five samples) and to scCO 2 (for both tested samples). On injection of scCO 2 into brine-saturated samples, they exhibit observable decrease of ∼7% of compressional velocities with the increase of CO 2 saturation from 0% to the maximum (∼50%). Anisotropy of the shaley sandstones from the Otway Basin must be taken into account as the difference in the velocities normal and parallel to bedding is comparable with the perturbation due to CO 2 injection. The samples of different orientations exhibit transition from Gassmann-Hill to Gassmann-Wood bound at different scCO 2 saturations what might be practically important for CO 2 plume monitoring. Finally, the acoustic velocities measured on the dry samples before and after the CO 2 injection show no noticeable differences, which implies that there was no damage or alteration due to the injection process.
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APPENDIX A ANISOTROPIC GASSMANN'S FLUID SUBSTITUTION
We calculated elastic tensor of saturated sample 1442.1 using fluid-substitution equations for anisotropic rocks (Gassmann, 1951) . Anisotropic linear elastic stiffness components of saturated rock, c sat ijkl , can be calculated using anisotropic linear elastic stiffness components of dry rock, c Here, K 0 and K fl are bulk moduli of mineral and fluid, respectively, and ϕ is porosity. Kronecker delta, δ ij , is equal to 1 for i ¼ j and to 0 for i ≠ j. Equation A-1 assumes summation over repeated indices.
The hexagonal symmetry of the rock is implied, which results in five independent elastic coefficients, namely, c 11 , c 33 , c 13 , c 44 , and c 66 (in two-index notation). The coordinate system is chosen so that basic vectors i 1 and i 2 lay in the symmetry plane and i 3 direction coincides with the direction of the symmetry axis. In this system, elastic coefficients of the dry rock can be calculated from the velocities measured on the dry samples 1442.1V and 1442.1H as follows:
Here, ρ is density and V P and V S are compressional and shear velocities of the dry samples. Upper indices H and V denote horizontal and vertical samples, respectively. Here, V H SH is the velocity of the S-wave in the horizontal sample polarized in the bedding plane. This velocity was not measured. We thus estimate the S-wave Figure 12. Waveform and velocities before and after CO 2 injection: (a) Ultrasonic P-wave registration during scCO 2 flooding into brine-saturated sandstone 1442.1H, and following brine flooding. Traces marked from 1 to 5 are recorded during scCO 2 injection; traces from 6 to 9 are during following flushing by brine. (b) Ultrasonic velocities measured on dry sample 1500.83 before and after the experiments. Triangles show P-wave arrivals.
anisotropy from P-wave anisotropy. For stress-induced anisotropy, S-wave anisotropy is expected to be about 50% of the P-wave anisotropy (e.g., Nur and Simmons, 1969; Gurevich et al., 2011) . As P-wave anisotropy is about 10% in our experiment, we estimate the S-wave anisotropy to be about 5%, and take The fifth elastic constant c 13 cannot be calculated from the available measurements of acoustic velocities along the symmetry axes. Additional constraint is required to decrease the number of independent parameters of TI media from five to four. Here, we imply that anisotropy is elliptical or in terms of Thomsen's anisotropy parameters (Thomsen, 1986) ,
Here, Thomsen's anisotropy parameters ε and δ can be written as follows: We calculated elastic constants of dry sample 1442.1 using equations A-2 and A-9 and then used equation 1 to calculate elastic coefficients of the saturated sample.
The results are shown in Figure 8 . To verify validity of this ellipticity assumption and to check sensitivity of the anisotropic Gassmann's fluid substitution results to small deviations from ellipticity, elastic constants of saturated sample are also calculated for 10% deviation of the anisotropy from elliptical. The obtained differences are negligible.
